S
ynaptic strength within neuronal circuits is continuously modified because of short-term plasticity (STP) (1) (2) (3) (4) (5) . STP bestows circuits with functional capabilities such as detection of sudden changes, filtering, and fidelity transfer (5) (6) (7) (8) . Short-term depression (STD) is a form of STP. STD gives networks dynamic gain-control and filtering capabilities that facilitate synchronization (5, 6, 9, 10) . It is little known what variables regulate STD. Synaptic inhibition in the neostriatum (NSt) relies in part on the synapses that interconnect spiny projection neurons (SPNs) (11) (12) (13) (14) (15) (16) (17) (18) . Numerous functions of the NSt are thought to depend on this inhibition (12, (19) (20) (21) (22) , such as the selection and organization of learned motor synergies and contrast enhancement (20) (21) (22) (23) (24) (25) . Another form of neostriatal inhibition is due to local circuit fast-spiking (FS) interneurons (13, 14, (26) (27) (28) (29) (30) (31) (32) . The inhibition from FS interneurons is stronger than that between SPNs (13, 14, (26) (27) (28) (29) (30) (31) (32) . But inhibition between SPNs makes the majority of contacts (12, 28, 32) . Both types of inhibition exhibit STD (13, 14) . The hypothesis that the dopaminergic system modulates STD in these synapses was tested in this work.
Dopamine is an important transmitter in the NSt (24, 33) . In its absence, the circuit functionally collapses, inducing the devastating signs of ParkinsonЈs disease (34) (35) (36) . Although pre-and postsynaptic actions of dopamine have been described (24, 32, 37, 38) , a global action with a potential impact at the circuit level is not known. Here we show that STD between SPNs can be regulated by the dopaminergic system (6, 32, 39) .
Results
Two Types of Inhibition. The inhibition between SPNs (SPN3SPN connection) and between FS interneurons and SPNs (FS3SPN connection) was investigated with dual recordings. Inhibitory postsynaptic currents (IPSCs) were obtained from either connection by depolarizing presynaptic SPN or FS neurons ( Fig. 1  B and C) . IPSCs between SPNs were also recorded after antidromic stimulation of striofugal axons at the globus pallidus (GP) (called the GP3NSt connection to avoid confusion) ( Fig.  1 A) (32, (40) (41) (42) in the presence of glutamate receptor blockers (10 M CNQX plus 50 M APV). These responses were sensitive to 10 M bicuculline (Fig. 1D ) and are called ''population'' responses because they probably arise from various presynaptic axons (42) . In contrast, synaptic currents evoked with dual recordings are called ''unitary'' responses ( Fig. 1 B, C , and G-I). Results were obtained from 14 unitary SPN3SPN connections of 106 dual recordings (Ϸ13%) at distances Ͻ100 m (Fig. 1 F and G) . SPN3SPN IPSCs were blocked by 10 M bicuculline (13, 14, 16) . Thirteen unitary FS3SPN IPSCs of 24 dual recordings (55%) were also obtained and blocked by bicuculline (10 M) (13, 14, 16, 28) . Fig. 1 E-G illustrates averages of several (20) (21) (22) (23) (24) unitary IPSCs (average, black traces; individual trials, gray traces).
Evidence supporting that IPSCs recorded from GP3NSt connections are the ''population'' version ( Fig. 1E ) of the ''unitary'' IPSCs recorded from SPN3SPN connections (Fig.  1F ) was found (32, (40) (41) (42) . First, shape index plots (graphing half widths vs. rise times) of mean IPSCs (GP3NSt, empty circles; SPN3SPN, filled circles) showed no significant differences between these two connections ( Fig. 1H ; n ϭ 9; NS; Mann-Whitney U test). This comparison had not been done before, and the result strongly confirms that field stimulation at the GP can isolate the synapses interconnecting SPNs. In contrast, comparison of the two unitary connections (Fig. 1 F and G; SPN3SPN, filled circles; FS3SPN, gray circles) showed significant differences for the same parameters (Fig. 1I) (13, 14, 28, 32) . Moreover, superimposition of normalized IPSCs showed identical time courses for GP3NSt and SPN3SPN connections (Fig. 1J ), but significantly different shapes from IPSCs recorded from FS3SPN connections. However, despite having strong evidence that SPN3SPN unitary and GP3NSt population responses come from the same synapse, kinetics of their STP were also compared (during activation of the GP3NSt connection, reciprocal inhibition between SPNs may alter subsequent responses in a train yielding spurious depression).
STP after trains of 10 stimuli delivered at 10, 20, and 50 Hz (Fig. 2 A-C) given at a low (0.1-Hz) frequency was studied. Fig.  2D illustrates that STP dynamics was virtually identical for GP3NSt and SPN3SPN connections, discarding that reciprocal inhibition interferes with plasticity (at least with this stimulation strength) and suggesting that presynaptic neurons impinging on the recorded neuron scarcely connect with each other. In contrast, STP in FS3SPN connections showed significant differences (Fig. 2D) . These results validate the use of population responses (GP3NSt) to study STP in the synapses between SPNs. We chose responses to 20 Hz for most analyses because this frequency is commonly found in SPNs and corticostriatal afferents during behavioral tasks (43) . Moreover, average interspike intervals during SPNs ''up states'' is Ϸ50 msec (Ϸ20 Hz) (44) . However, main results did not differ significantly at the other frequencies (13) . STP for responses coming from all three connections was STD (13, 14) . The STD ratio [mean amplitude of first IPSC divided over mean amplitude of last (7th to 10th) IPSCs] was 5.1 Ϯ 0.4 (n ϭ 27; median, 4.3; range, 1.1-20) for GP3NSt IPSCs and 4.5 Ϯ 0.9 for SPN3 SPN IPSCs (n ϭ 11; median, 3.0; range, 1.2-25) (NS; Kruskal-Wallis test; see SI Text), confirming that both protocols isolated the same synapse. In contrast, the STD ratio was significantly different for FS3SPN connections: 2.4 Ϯ 0.2 (n ϭ 10; median, 2.4; range, 0.9-4.0; P Ͻ 0.01). STD dynamics is peculiar to each class of synapse (1) (2) (3) (4) . By fitting a sum of exponential functions (2) to averaged and normalized STD plots (Fig. 2D) , it was observed that the faster time constant ( 1 of Eq. 1 in Materials and Methods) was larger for FS3 SPN connections than for SPN3SPN connections (87 Ϯ 11 msec vs. 31 Ϯ 4 msec) (P Ͻ 0.05). However, 1 of GP3NSt connections (31 Ϯ 2 msec) was virtually identical to that from SPN3 SPN (NS). Furthermore, a significant correlation was found between IPSCs mean amplitude versus IPSCs reciprocal of the squared coefficient of variation (CV Ϫ2 ), proportional to mean quantal content ( Fig.  2E ; n ϭ 6 pairs for each input source), indicating that STD was greatly mediated by a presynaptic mechanism (r 2 of at least 0.9 Ϯ 0.01; P Ͻ 0.002 for the three sources) (45) . However, note that the correlations from GP3NSt and SPN3SPN synapses were undistinguishable from each other, whereas the correlation built from FS3SPN synapses was displaced to the right (Fig. 2E) , suggesting a greater quantal content for FS3 SPN synapses. In summary, half width, rise time, STD kinetics (1), and STD ratio strongly suggest that GP3 NSt and SPN3 SPN protocols isolate the same synapse: the one interconnecting SPNs. Further, this synapse has different functional characteristics than the FS3 SPN synapse, adding to previous evidence (32, (40) (41) (42) . Therefore, if GP3 NSt and SPN3 SPN connections are two different ways to isolate the same synapse, a testable prediction is that the modulation induced by dopamine agonists should be the same for both responses. In this case, data from both experimental arrangements can be pooled together (population and unitary), yielding results with strong statistical value (unitary plus population). In the pool of responsive cases, the change in STD ratio was significant (mean Ϯ SEM): 3.3 Ϯ 0.4 before and 9.7 Ϯ 3.7 after addition of SKF 81297 (n ϭ 8; P Ͻ 0.03). The fact that about half the cases did not respond to the D 1 -agonist supports the hypothesis that dopamine receptors segregate in different sets of SPNs, at least at the level of synaptic terminals. STD enhancement was accompanied by an increase in the amplitude of the first response (IPSC 1 ) from 57 Ϯ 17 pA before to 75 Ϯ 20 pA after the D 1 -agonist (n ϭ 8; P Ͻ 0.02). To see whether this change was due to presynaptic mechanisms, the CV of IPSC 1 was assessed. It decreased for all D 1 -responsive cases by 54 Ϯ 8% (P Ͻ 0.02), suggesting mediation by presynaptic receptors (32) . At the same time, a nonparametric test of variance rendered a significant increase in IPSC variance after SKF-81297 for each individual experiment (46) (n ϭ 8; P Յ 0.001; F test), suggesting an increase in release probability for the first response (47) . Finally, 1 of the STD process was significantly accelerated from 31 Ϯ 3 to 23 Ϯ 2 msec (n ϭ 8; P Ͻ 0.01), showing that D 1 -receptor activation accelerates STD kinetics. Taken together, changes in release probability and STD kinetics suggest synaptic ''redistribution'' (4, 8, 48) . These actions were completely blocked by the selective D 1 -receptor antagonist SCH 39393 (1 M) (n ϭ 4; data not shown). A selective (see SI Text) nonhydrolyzable D 1 -class agonist (32, 37) was used for these experiments, and only stable responses at a train frequency of 0.1 Hz were chosen for analysis.
Activation of D 2 -class receptors on SPN3SPN and GP3NSt responses during STD used a nonhydrolyzable selective agonist, quinelorane (1 M) (see SI Text). Fig. 4 shows that STD was reduced for both SPN3SPN (n ϭ 2 of 3 pair recordings) and GP3NSt (n ϭ 9 of 11 population recordings) responses [n ϭ 11 The results were pooled together to obtain the change in STD ratio induced by the D 2 -agonist, from 4.5 Ϯ 0.6 before to 2.7 Ϯ 0.4 after quinelorane (n ϭ 11; P Ͻ 0.008). Although some cases did not respond, responsive cases are more than expected by the receptor segregation hypothesis into two pathways (49, 50) . A decrease in STD corresponded to a decrease in IPSC 1 from 94 Ϯ 25 pA before to 45 Ϯ 13 pA after the D 2 -agonist (n ϭ 11; P Ͻ 0.005). To see whether this change was due to presynaptic mechanisms, the CV of IPSC 1 was assessed. It was significantly enhanced (220 Ϯ 40%) (P Ͻ 0.008), suggesting a presynaptic mechanism (32) . In addition, IPSC variance was significantly decreased (P Յ 0.05; n ϭ 11; F test) in each responsive experiment, and 1 of the STD process increased significantly from 31 Ϯ 2 to 42 Ϯ 4 msec (P Ͻ 0.03), suggesting synaptic ''redistribution'' (4, 8, 48) . While using quinelorane, special care was taken to discard cases showing signs of long-term depression after repeated trains. These effects were completely blocked by the selective D 2/3 -class antagonist, sulpiride (1 M) (n ϭ 4; data not shown). Fig. 5A illustrates means Ϯ SEM of fitted exponential functions (see Materials and Methods) for STD processes after normalizing and averaging all responsive cases (SKF 81297, blue; quinelorane, red). The limits of STD change for synapses between SPNs are then illustrated. Significant differences are restricted to the initial part of the process and are not evident during the last IPSCs in the train. This plot is typical of synaptic redistribution (4, 8, 48) .
Although several cases were unresponsive to a given agonist, it was possible to obtain a response for both agonists, administered in sequence, in two unitary connections (SPN3SPN) (n ϭ 2 of 2). We took advantage from such cases to perform variancemean analysis (Fig. 5B) (14, 47) . Fig. 5B shows superimposed parabolas fitted to the data points from different conditions (32, 42) . The result suggested a larger release probability after the D 1 -agonist than after the D 2 -agonist, in agreement with the changes in CV (Fig. 2B) (45) and the hypothesis of synaptic redistribution (Fig. 5A) (4, 8, 48) . However, as in other cases, intrinsic quantal variability associated with unitary connections, and other factors, impeded a precise distinction between N (release sites) and P (release probability) (41, 51) . However, both parameters signal presynaptic mechanisms. In contrast, the constancy of quantal amplitude excludes postsynaptic mechanisms (see SI Text).
Taken together, the results show that the dopaminergic system may modulate the STD of synapses that interconnect spiny neurons. D 1 -class receptors enhance STD, whereas D 2 -class receptors decrease STD by activating presynaptic receptors.
Modulation of Synapses Between FS Interneurons and Spiny Neurons.
The STD of FS3SPN connections was investigated with dual recordings and selective dopamine agonists. The D 1 -class selective agonist, SKF-81297 (1 M), enhanced unitary IPSCs (n ϭ 1 of 4 pair recordings), whereas the D 2 -class selective agonist, quinelorane (1 M), decreased unitary IPSCs (n ϭ 3 of 4 pair recordings). Three FS3 SPN connections showed a response to quinelorane (n ϭ 3), with an average IPSC 1 reduction of 66 Ϯ 1%. A representative case is illustrated in Fig. 5C . This connection was unresponsive to SKF-81297. FS interneurons unresponsive to both agonists were frequently found (32) . Despite a clear modulation of synaptic strength in responsive cases (Fig. 5D) , quinelorane did not change STD (Fig. 5E ). STD ratios were 2.7 Ϯ 4 before and 2.6 Ϯ 0.5 after the D 2 -agonist in responsive cases. Variance-mean analysis (Fig. 5F ) showed no significant change in initial slope of parabolas despite changes in amplitude and variance. Thus, FS synapses exhibit presynaptic modulation of synaptic strength, but no signs of STD modulation (52) (see Discussion). In a case responsive to the D 1 -agonist, IPSC amplitude increased 159% (data not shown). This action did not interfere with STD kinetics. Variance-mean analysis (Fig. 5G) suggested that this action was postsynaptic (53) . However, it coursed with a decrease in quantal amplitude (54) , implying, perhaps, a mixture of pre-and postsynaptic actions.
Discussion
The basis for the selection and organization of motor synergies may depend on the lateral inhibition between SPNs (12, 14, 18, (20) (21) (22) (23) 25) . The present work demonstrates that this lateral inhibition exhibits STD that can be modulated by the dopamine system. STD is in charge of controlling the gain and filtering capabilities of a circuit to increase its sensitivity to sudden changes (4-7, 9, 10, 48) . Hence, fast selection of motor synergies may depend on dopaminergic modulation of STD between SPNs. Patients with Parkinson's disease have problems beginning or changing motor tasks.
It was shown that STD exhibited by the inhibitory synapses that interconnect SPNs (13, 14) can be enhanced by the activation of D 1 -class receptors. This change would make the circuit suitable to respond to sudden fast commands (48) and subtle changes in frequency (dynamic component), helping to balance inputs of different strengths (6, 9, 39) . However, D 2 -class receptors decrease STD, perhaps setting the circuit to keep responding to and transferring a continuous basal level of activity (static or tonic component) (6, 9, 39) . STD modulation was demonstrated by dual (unitary) recordings between SPNs and by field stimulation of groups of afferents arising from striofugal axons stimulated at the GP. Some synaptic responses did not respond to a given applied agonist, suggesting that not all terminals have both receptor classes (49, 50) . If terminals had dopamine receptors segregated, it can be hypothesized that the direct pathway is the structural basis for the dynamic component, whereas the indirect pathway is the platform for the static component. Both pathways would complement each other (12, 33, 35) , e.g., different sets of coordinated muscles may be appointed to fast actions (dynamic component), whereas others may be needed to preserve tone and posture (static component). Interestingly, D 2 -class receptors have more affinity for dopamine than D 1 -class receptors (see SI Text) (55) . This difference in affinity suggests that D 2 -class receptors maintain a dopaminergic tone with low basal dopamine concentrations, whereas D 1 -class receptors respond during sudden peaks in dopamine concentration (56, 57) , suggesting that affinities of receptors for dopamine are in agreement with the role that these receptors play in synaptic function. It reinforces the view that D 2 and D 1 actions represent the static and dynamic branches of the same system. Nonetheless, some unitary connections responded to both D 1 -and D 2 -class agonists, suggesting a degree of colocalization (58) (59) (60) . Hence, some sets of terminals may shift their plasticity between the lowest and highest degrees of STD. This intersection between pathways (59) may quickly change the balance between dynamic and tonic neurons depending on the context.
Another target for dopamine in the NSt are the interneurons and their synapses (14, 26, 27, 29-32, 61, 62) . Dopamine agonists depolarize FS interneurons in the striatum by D 1 -class receptors (61) . However, in most cases, we did not observe a presynaptic modulation by the D 1 -agonist (FS3SPN) (32) . We only found an enhancement of IPSCs in one of four (25%) FS3SPN connections treated with SKF-81297 (1 M). Variance-mean analysis indicated a change in initial slope in this case (Fig. 5G)  (53, 54) , suggesting postsynaptic mechanisms.
A reduction of IPSCs was found in three of four (75%) FS3SPN connections treated with quinelorane (62) (Fig. 5  C-F) . Noticeably, STD was not changed. Presynaptic inhibition without STD changes has been seen in other synapses (52, 63, 64) . The mechanism proposed to dissociate presynaptic modulation of synaptic strength from modulation of STD includes the presence of some proteins such as parvalbumin or calcium sensors (65, 66) .
Therefore, the dopamine system may affect presynaptically some interneurons but not others, suggesting heterogeneity of interneuron types (32, 67) ; these presynaptic actions do not imply STD modulation. It is concluded that SPN3SPN synapses can transiently modify their strength and computational properties, whereas FS3SPN synapses can only modify their strength. This difference may serve to rearrange the balance among different types of inhibition.
STP mainly depends on presynaptic mechanisms such as release probability and refilling rate of the vesicle pool (48) . Calcium dynamics reflects the ''use'' or ''history'' of network activity (1) (2) (3) (4) (5) 68) . Therefore, presynaptic receptors can be conceived as sensors and regulators of the dynamics and computational properties of circuits, not simply as modifiers of synaptic strength (32, 41, 69, 70) .
Materials and Methods
Electrophysiology. Electrophysiological experiments were performed by using neostriatal slices (250-300 m thick) from Wistar rats PD19-PD22 cut in 4°C saline by using a vibratome (Ted Pella, Reading, CA) as described previously (32) . For a more detailed account on methods, see SI Text. Extracellular saline containing (in mM) 126 NaCl, 3 KCl, 1 MgCl 2 , 2 CaCl 2 , 26 NaHCO 3 , and 10 glucose (pH 7.4 with NaOH, 298 mOsm/liter with glucose, saturated with 95% O 2 and 5% CO 2 ; 25-27°C). 6-cyano-2,3-dihydroxy-7-nitro-quinoxaline disodium salt (CNQX) (10 M) and D-(-)-2-amino-5 phosphonovaleric acid (AP5) (50 M) were added to block AMPA and NMDA receptors, respectively. Standard whole-cell recordings using infrared differential interference contrast (IR-DIC) microscopy with an upright microscope and a digital camera were used to obtain IPSCs with the help of an Axoclamp 2B and/or Axopatch 200B amplifiers (Axon Instruments, Foster City, CA). Traces shown are the average of 4-min recordings (24 traces) taken when the amplitude had been stabilized for a given condition. IPSCs were evoked by field stimulation using a bipolar electrode located at the GP (32) . The intracellular saline for postsynaptic medium spiny neurons contained (in mM) 72 KH 2 PO 4 , 36 KCl, 2 MgCl 2 , 10 Hepes, 1.1 EGTA, 0.2 Na 2 ATP, 0.2 Na 3 GTP, 5 QX-314, and 1% biocytin (pH 7.2)/275 mOsm/liter for a theoretical E Cl Ϫ ϭ Ϫ30 mV. Experiments were performed at 25°C to 27°C. Series resistances ranged from 5 to 20 M⍀ and were partially compensated (60 -90%). Whole-cell recordings of postsynaptic medium SPNs were recorded in voltage-clamp mode at a holding potential of Ϫ85 mV. Postsynaptic cells were located in the vicinity (Ͻ100 m) of a presynaptic SPN or FS neuron recorded in current-clamp mode. The presynaptic neuron was stimulated with brief current pulses that evoked action potentials (1-5 msec, 0.2-0.3 nA). Single stimuli or trains of 10 stimuli were evoked at a frequency of 10, 20, or 50 Hz every 10 sec. Digitized data were saved on a disk and analyzed with commercial software (Origin version 7; Microcal, Northampton, MA). IPSC amplitudes were measured from basal line to peak for the first response in a train (IPSC 1 ). For the subsequent responses (IPSC n ), the basal line remaining from the previous response was subtracted. Distribution-free statistical procedures (Systat version 11; SPSS, Chicago, IL) were used to find data significance.
